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The model dependence and the symmetry energy dependence of the core-crust transition
properties for the neutron stars are studied using three different families of systematically
varied extended relativistic mean field model. Several forces within each of the families
are so considered that they yield wide variations in the values of the nuclear symmetry
energy asym and its slope parameter L at the saturation density. The core-crust tran-
sition density is calculated using a method based on random-phase-approximation. The
core-crust transition density is strongly correlated, in a model independent manner, with
the symmetry energy slope parameter evaluated at the saturation density. The pressure
at the transition point dose not show any meaningful correlations with the symmetry
energy parameters at the saturation density. At best, pressure at the transition point
is correlated with the symmetry energy parameters and their linear combination eval-
uated at the some sub-saturation density. Yet, such correlations might not be model
independent. The correlations of core-crust transition properties with the symmetry en-
ergy parameter are also studied by varying the symmetry energy within a single model.
The pressure at the transition point is correlated once again with the symmetry energy
parameter at the sub-saturation density.
Keywords: Neutron star; core-crust transition; symmetry energy.
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1. Introduction
The matter in the outer core of the neutron stars (NS) become unstable, against
the density fluctuations, below a particular density so called core-crust transition
density. The knowledge of the core-crust transition properties in NS matter is very
important in understanding the pulsar glitches, crust relaxation in cooling and ac-
creting neutron stars and asteroseismology from giant magnetar flares.1 The values
1
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of core-crust transition density and the corresponding pressure depend crucially
on the behaviour of nuclear symmetry energy around the sub-saturation densi-
ties. However, density dependence of the nuclear symmetry energy is known with
large uncertainties. Some progress in this direction has been made in the last few
years.2–8 In the mean while, several investigations are carried out to study the
effects of the variations in the symmetry energy on the core-crust transition prop-
erties. The variations in the symmetry energy were achieved either within a single
model or by using large set of randomly selected models of different types. The core
crust transition density is found to be strongly correlated with the various sym-
metry energy parameters evaluated at the saturation density. But, results for the
correlations between the pressure at the transition point and the symmetry energy
obtained from different investigations are at variance.
One usually considers the dependence of the core-crust transition properties
on various nuclear symmetry energy parameters, like, symmetry energy coefficient
asym and the slope parameter L; the later characterizes the density dependence of
the symmetry energy. It has been established that the core-crust transition density
ρt is well correlated with L. However, the actual link between the pressure Pt,
at the transition density, and L is rather uncertain. The calculations in Ref.9 were
performed within a density dependent point coupling (DD-PC) model. Only a single
accurately calibrated DD-PC model was used to study the correlations of the core-
crust transition properties with the various quantities associated with the nuclear
matter. The iso-scalar and iso-vector properties associated with nuclear matter
were varied by changing the model parameters around their optimal values. In
Ref.,10 a covariance analysis based on a single relativistic mean field (RMF) model
was employed to study the correlations of various neutron star properties with
the neutron-skin thickness in 208Pb nucleus which is strongly correlated with the
symmetry energy slope parameter L at the saturation density. In Ref,11 several
modified Gogny and commonly used Skyrme Hartree Fock (SHF) models were
used to study the correlations between the core crust transition properties and the
nuclear symmetry energy parameters. Both the ρt and Pt are found to be strongly
correlated with L in Refs. 9–11 The similar studies were performed in Ref.,12 but,
using appropriately calibrated several RMF and SHF models. The ρt - L correlations
were found to be strong, while, link between Pt and L was found to be sensitive to
the models employed. The lack of Pt−L correlations are attributed to the delicate
balance between the contributions from the higher order terms and the shift in
the transition density with L. The contributions from the higher order terms are
model dependent. The Pt seemed to be better correlated with appropriate linear
combination of L and the symmetry energy curvature parameter Ksym, both of
these symmetry energy parameters were evaluated at a sub-saturation density. In
particular, the Pt are found to be correlated with L−0.343Ksym with L andKsym are
evaluated at ρ = 0.1 fm−3.12, 13 It is quite unclear, why some of the investigations
yield strong correlations between Pt and the various symmetry energy parameters,
while, the lack of such correlations are found in other studies. In order to understand
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better the dependence of the core-crust transition properties on the model used or
on the various symmetry energy parameters, it is highly desirable to use different
models, with their parameters varied systematically14 to yield wide variations in
the properties of symmetric and asymmetric nuclear matter.
In the present work, we investigate the correlations between core-crust transi-
tion properties and the density dependence of the nuclear symmetry energy for the
NS matter using three different families of extended relativistic mean-field (ERMF)
model. We consider several parameterizations for each of the families of the mod-
els which were obtained by systematic variations in such way that they yield wide
variations in the values of asym and its slope parameter L at the saturation density
.15, 16 The ERMF model includes the contributions from self- and mixed-interaction
terms for isoscalar-scalar σ, isoscalar-vector ω and isovector-vector ρ mesons up to
the quartic order.15, 17 The presence of σ − ρ and ω − ρ mixed interaction terms
might alter the correlation of various core-crust transition properties to the density
dependence of the nuclear symmetry energy. Such investigations are not performed
previously in detail.9–12 The transition density is calculated using the relativis-
tic random phase approximation (RPA) method. For sake of comparison, we also
present some results for core-crust transition density and the corresponding pres-
sure obtained by commonly used RMF parameter sets such as NL3, FSU, GM1
and TM1. We also compare our results with those obtained from dynamical and
thermo-dynamical methods.
This paper is organized as follows. In Sec 2, we present the method to calculate
the ρt. The brief review of ERMF model is given in Sec. 3. In Sec. 4 we discuss in
some detail the choices for the different families of the systematically varied ERMF
models. The results obtained for the core-crust transition properties using different
families of the ERMF models are presented in Sec. 5. Finally, main conclusions are
drawn in Sec. 6.
2. CORE-CRUST TRANSITION
Determination of the ρt of the star is not easy task in general due to a very com-
plicated structure of the star inner crust. However, the critical density at which the
uniform matter of NS matter becomes unstable to a small density fluctuation at low
densities, can be used as a good approximation for ρt of NS. There are 3 methods
used widely in literature to study the instability due to small density fluctuations in
low density matter. These are, the thermo-dynamical method,9, 11, 12, 18–20 the rel-
ativistic,21–23 non-relativistic11, 12, 24–26 dynamical methods and the RPA method
based on Green function formalism.27–30 The thermo-dynamical method requires
matter to fulfill not only the mechanical but also the chemical stability condi-
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tions:11, 18
−
(
∂P
∂v
)
µ
> 0
−
(
∂µ
∂qc
)
v
> 0, (1)
where v and qc are the volume and charge per baryon number, while P is the pres-
sure and µ = µn−µp is the difference between chemical potentials for the neutrons
and protons. Otherwise, the matter becomes unstable. For dynamical models, the
instability region of matter can be located by examining when the convexity of the
free-energy curvature matrix is violated.21, 22, 24–26 It was shown by Xu et. al11 that
the thermodynamic stability is the limit of the non-relativistic dynamical model
as k → 0 (long-wavelength limit) when the Coulomb interaction is neglected. The
relativistic RPA method, requires longitudinal dielectric functions εL > 0 when
time component of four momentum q0 =0 to ensure the stability conditions at
low-density region. On the other hand, it was known for some times21, 22 that in-
stabilities predicted by the relativistic dynamical method within Landau-Vlasov
formalism is indeed equivalent to those of relativistic RPA method.
In this work, we choose relativistic RPA method to calculate core-crust transi-
tion density and pressure of NS matter. Based on this method, the transition from
the core to inner crust in the NS matter takes place at the largest density for which
the following condition has a solution29
εL = det [1−DL(q)ΠL(q, q0 = 0)] ≤ 0. (2)
In Eq. (2) q0 is the time component of the four-momentum transfer q
µ = (q0, ~q )
and q = |~q |. The explicit form of each element in the longitudinal meson propagator
and longitudinal polarization matrices DL(q) and ΠL can be seen in Refs.
29, 31, 32
Note, in addition to standard γ, ω, σ and ρ propagators, the matrix DL(q) contains
the contributions from mixed propagators due to the presences of nonlinear mixed-
interaction terms between various mesons in the ERMF model. These propagators
are determined from the quadratic fluctuations around the static solutions that are
generated by the second derivatives of the energy density of matter.31, 32
3. EXTENDED RELATIVISTIC MEAN-FIELD MODEL
We consider the NS matter which are composed of nucleons in β equilibrium. The
dense matter in the core of the NS matters can be described by an effective La-
grangian density for the nucleons interacting through the exchange of σ, ω and ρ
mesons. The leptons, as required to fulfill the β-equilibrium and charge neutral-
ity conditions, are assumed to be non-interacting. The Lagrangian density for the
ERMF model can be written as
L = Llin + Lnlinstd + Lnlinmix + LL. (3)
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where the
Llin =
∑
J=n,p
ΨJ [iγ
µ∂µ − (M − gσσ)
− (gωγµωµ + 1
2
gργ
µτ.ρµ)]ΨJ +
1
2
(∂µσ∂
µσ −m2σσ2)
− 1
4
ωµνω
µν +
1
2
m2ωωµω
µ − 1
4
ρµνρ
µν +
1
2
m2ρρµρ
µ,
(4)
is a function of the kinetic terms of nucleons; σ, ω and ρ mesons; and the cor-
responding linear interaction terms of nucleons. The ERMF model is introduced
for the first time by Furnstahl et al.33 The Lagrangian densities for non-linear self
interaction terms which are usually used in standard RMF model can be written
as
Lnlinstd = −
κ3
6M
gσm
2
σσ
3 − κ4
24M2
g2σm
2
σσ
4
+
1
24
ζ0g
2
ω(ωµω
µ)2, (5)
where σ, ω and ρ are the mesons field while gσ, gω and gρ are their corresponding
coupling constants. mσ, mω, mρ and M are the masses for σ, ω, ρ and nucleons
respectively. κ3, κ4, ζ0 are the standard non-linear self interaction parameters. The
first two terms in Eq. (5) were introduced for the first time by Boguta-Bodmer.34
Inclusion of these terms provide more quantitative description of nuclear matter
and finite nuclei properties than those predicted by simple linear RMF model. One
of the significant effects produced by this terms in nuclear matter is softening the
nuclear incompressibility. However, in general, the incompressibility predicted by
standard RMF model depends sensitively also on the choice of fitting protocol and
observable. For example, NL335 predicts larger but NL-Z236 smaller incompress-
ibility compared to the experimental value.37, 38 From theoretical point of view, the
positive value of κ4 is more favorable, otherwise the energy spectrum has no lower
bound and instabilities in nuclear matter equation of state (EOS) and finite sys-
tems may occur.30, 39 The third term in Eq. (5) was introduced by Sugahara-Toki40
to overcome this problem. At high density, the quartic vector isoscalar nonlinear
parameter ζ0 has effect to bring down the vector potential and makes the EOS
softer39, 41 and this term plays also crucial role for transversal stability of nuclear
matter due to particle hole excitations.30 However, in standard RMF model, too
large and unnatural value of ζ0 can not be avoided to reach acceptable soft SNM
EOS. It is reported that by tuning the ζ0 one can generate different limiting neutron-
star masses without too much modifying the behavior of the EOS around ρ0.
42, 43
It is worthwhile to note that isovector sector of standard RMF model relies only
on just a single coupling constant gρ, which is usually fixed by the binding energies
of asymmetric nuclei. This leaves no way to adjust the isovector properties, like,
neutron-skin thickness in 208Pb nucleus. Any attempt to adjust the parameters of
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the standard RMF model to accommodate various iso-vector observables may re-
quire compromise with the quality of the fit to the well known bulk properties of
the finite nuclei. The contributions of ω − ρ mixed interaction, as given by fourth
term in Eq. (6), makes the RMF model more flexible.28 The ERMF model contains
some additional mixed interaction terms which are as follows,
Lnlinmix =
η1
2M
gσm
2
ωσ(ωµω
µ) +
η2
4M2
g2σm
2
ωσ
2(ωµω
µ)
+
ηρ
2M
gσm
2
ρσ(ρµρ
µ) +
η1ρ
4M2
g2σm
2
ρσ
2(ρµρ
µ)
+
η2ρ
4M2
g2ωm
2
ρ(ωµω
µ)(ρνρ
ν), (6)
where η1, η2 are the nonlinear isoscalar mixed-interaction parameters while ηρ, η1ρ
and η2ρ are the nonlinear isovector mixed-interaction parameters. The presence of
nonzero η1 and η2 parameters in ERMF model provides more freedom to adjust the
ζ0 into the desired value but still retain the positiveness of κ4 .
39, 41 The presence
of ηρ, η1ρ and η2ρ in this model provides more freedom for controlling behavior of
the EOS of asymmetric nuclear matter not only at high but also at low densities.
In-particular, this nonlinear mixed-interaction terms enable one to vary the density
dependence of the symmetry energy coefficient and the neutron skin thickness in
finite nuclei over a wide range without affecting too much the other properties of
finite nuclei.2, 15, 44 The contributions of the ρ meson self-coupling is not included
in the present work. It affects the properties of the asymmetric nuclear matter
only marginally, because, the expectation value of the ρ meson field is orders of
magnitude smaller than those of other mesons involved.15, 17 The last term of Eq.
(3) LL is the Lagrangian density for non-interacting leptons which can be written
as,
LL =
∑
l=e−,µ−,νe,ν¯µ
Ψl[iγ
µ∂µ −Ml]Ψl. (7)
4. Choice for the systematically varied parameterizations
We study the core-crust transition density and the corresponding pressure in the
NS for the three different families of the ERMF models obtained in Ref.16 These
different families correspond to different choices of the coupling strength, ζ0, for the
self-interaction of the ω-mesons (Eq. (5)). The value of ζ0 were considered to be
ζ0 = 0.0, 0.03g
2
ω and 0.06g
2
ω. For each of the family, the remaining parameters of the
model were systematically varied to yield different values of the neutron-skin thick-
ness in 208Pb nucleus .15, 16 In other words, for a given ζ0, the remaining parameter
of the model were optimized using exactly same set of the protocol except for the
neutron-skin thickness in 208Pb. The fitting protocol comprised of the experimental
data for the total binding energies and charge rms radii for many closed shell nor-
mal and exotic nuclei.16 The value of neutron-skin thickness in 208Pb nucleus was
also considered one of the fit data. The value of neutron-skin thickness in 208Pb was
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varied over a wide range of 0.16− 0.28 fm as it is not yet well constrained. In total,
there are twenty-one parameter sets, seven parameter sets for each of the families
of the ERMF model corresponding to different values of neutron-skin thickness in
208Pb. These parameter sets were named as BSR1, BSR2,...,BSR21.15, 16 The vari-
ous properties of the symmetric nuclear matter associated with the BSR1 - BSR21
forces lie in a narrow range. For instance, the binding energy per nucleon for the
symmetric nuclear matter B/A = 16.11±0.04 MeV, the nuclear matter incompress-
ibility K = 230.24± 9.80 MeV, the nucleon effective mass M∗/M = 0.605± 0.004
and the saturation density ρ0 = 0.148± 0.003 fm−3. The quality of the fit to the
bulk properties of the finite nuclei are also nearly the same for all the BSR forces;
the rms errors on the total binding energy and the charge radii are 1.5 - 1.8 MeV
and 0.025− 0.04fm, respectively, for the nuclei considered in the fit. Hereafter, the
parameter sets BSR1 - BSR7 with ζ0 = 0, BSR8 - BSR14 with ζ0 = 0.03g
2
ω and
BSR15 - BSR21 with ζ0 = 0.06g
2
ω, will be referred to as F1, F2 and F3 families
of the ERMF models, respectively. The maximum mass for the NS for these three
families of interaction lie in the range of 1.7 - 2.4 M⊙. The highest (lowest) values
of maximum mass are obtained for F1(F3) families. The variation in the maximum
mass of the neutron star across the families is predominently due to the change
in the values for the self-coupling of the ω-mesons. The maximum mass increases
only by ∼ 0.03M⊙ is due to the change in the density dependence of the symme-
try energy caused by the increase in neutron-skin thickness from 0.16 to 0.28 fm
for the 208Pb nucleus. As the neutron-skin thickness of 208Pb nucleus is strongly
correlated with the symmetry energy slope parameter,5 the different families of sys-
tematically varied parameterizations can be used to assess the model dependence
and the symmetry energy dependence on the core-crust transition properties. For
the sake of comparison, we also consider commonly used RMF parameterizations
such as NL3,35 FSU,45 TM140 and GM1.46 To this end, we would like to men-
tion that the predictions for the finite nuclei and nuclear matter around saturation
density for the non-linear RMF model considered here are more or less the same
as those for the other varient, like, point coupling and density dependent meson
exchange models.47–49 We have considered the RMF model which includes cross-
coupling between various mesons and the self-coupling of ω-mesons in addition to
the conventionally present cubic and quartic terms for the self-coupling of the σ-
mesons. The results for such RMF models39 are consistant with the trends obtained
by Dirac-Brueckner-Hartree-Fock calculations at densities away from the saturation
region.
5. Core-crust transition properties in NS
The values of the core-crust transition density are calculated in the present work
using the RPA method as described briefly in Sec. 2. To facilitate the discussions,
let us consider few definitions. The density dependent symmetry energy asym(ρ),
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the slope parameter L(ρ) and curvature parameter Ksym(ρ) are defined as,
asym(ρ) =
1
2
d2E(ρ, δ)
dδ2
∣∣∣∣
δ=0
, (8)
L(ρ) = 3ρ
dasym(ρ)
dρ
, (9)
Ksym(ρ) = 9ρ
2 d
2Esym(ρ)
dρ2
, (10)
where, E(ρ, δ) is the energy per nucleon at a given density ρ and asymmetry δ =
(ρn − ρp)/ρ. We use Eq. (8) to calculate the symmetry energy, while one often
employs the parabolic approximation and evaluates the symmetry energy as,
asym(ρ) ≈ E(ρ, δ = 1)− E(ρ, δ = 0). (11)
The shortcoming of using this approximation for calculating ρt and Pt are discussed
well in literature.11, 50, 51 In the following discussions, the asym, L and Ksym denote
their values at the saturation density ρ0, whereas, asym,X, LX and Ksym,X are
evaluated at ρ = 0.X fm−3.
To determine the fractions of the particles of different species in the NS matter
the following constraints are used:
• Balance equations for chemical potentials in the NS matter,
µn = µp + µe,
µe = µµ. (12)
• Charge neutrality
ρe + ρµ = ρp. (13)
• Conservation of total baryon density
ρ = ρn + ρp. (14)
It is instructive to compare the core-crust transition properties calculated within
the RPA method with those obtained from commonly used thermo-dynamical and
dynamical methods. We plot in Fig. 1, the low density behavior for the EOS for
β-equilibrated matter (lower panel) obtained using NL3, FSU, TM1 and GM1 pa-
rameterizations of the RMF model. The solid symbols mark the values of the core-
crust transition density ρt and the corresponding pressure Pt which are obtained
using dynamical (squares), thermo-dynamical (triangles) and RPA (circles) meth-
ods. The values of ρt and Pt calculated within the RPA method seem to be close to
the ones obtained within the dynamical method. The values of ρt and Pt calculated
using the thermo-dynamical method are somewhat higher. The values of Pt are
plotted as a function of L1−0.343Ksym,1 in the upper panel. The dash line is taken
from Ref.,12 which is obtained by using the values of Pt calculated from dynamical
method. It can be seen that our values of Pt calculated within the RPA method are
more or less consistent with the linear correlation as shown by the dashed line.
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Fig. 1. Plots for the EOSs for the β-equilibrated matter obtained using the NL3, FSU, TM1
and GM1 parameterizations of the RMF model (lower panel). The filled circles represent core-
crust transition density ρt and the corresponding pressure Pt calculated using RPA method.
For the sake of comparison, the values of ρt and Pt obtained using thermo-dynamical (filled
triangles) and dynamical methods(filled squares) of Ref.12 are also shown. The Pt as a function
of L1 − 0.343Ksym,1 are plotted in the upper panel, where, L1 and Ksym,1 represent the values
of values of L and Ksym at ρ = 0.01 fm
−3, respectively. The dash line is taken from Ref.12
Before embarking on our main results, let us look into the general trends of the
density dependence of symmetry energy for the various ERMF models considered.
In the left panel of Fig. 2, we plot the symmetry energy as a function of density.
For the sake of completeness, the high density behaviour of asym(ρ) are plotted for
some selected forces from the F1,F2 and F3 families is plotted in the inset. These
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Fig. 2. The density dependence of the symmetry energy coefficient asym(ρ) for various ERMF
models (left panel) and the variance ∆ calculated using Eq. (15) (right panel). The labels F1,
F2 and F3 represent three different families of the ERMF models, whereas, FA correspond to the
results obtained by combining all the three families. In the inset, the high density behaviour of
asym(ρ) are plotted for some selected forces from the F1,F2 and F3 families.
selected forces correspond to the neutron-skin thickness around 0.16, 0.22 and 0.28
fm in 208Pb nucleus. The variance ∆ for asym(ρ) is plotted in the right panel. The
labels F1, F2 and F3 denote three different families, while, FA corresponds to the
results obtained by combing all the three families. The values of asym at densities
in the range of 0.08− 0.09 fm−3 seems to be more or less same for all the different
models. The variance ∆ at a given density is obtained using,
∆2 =
1
n
∑
(asym(ρ)− a¯sym(ρ))2 (15)
where, n is the number of models and a¯sym(ρ) is the average value at a density ρ.
The variance has a minimum at ρ ≈ 0.08fm−3 which is smaller than 0.11fm−3 as
obtained for a set of SHF and RMF forces.12
We now consider the core-crust transition properties obtained using three differ-
ent families of the ERMF models. In Fig. 3, we display the low density behavior of
the EOS for β-equilibrated matter for these ERMF models. For the sake of clarity
we plot the results only for a few selected forces for each of the families. The dotted
lines correspond to the results for the BSR1, BSR8 and BSR15 forces belonging to
the F1 (red), F2 (blue) and F3 (green) families. Likewise, the dashed correspond to
BSR4, BSR11, BSR18 and solid lines are for BSR7, BSR14, BSR21. All the dotted,
dashed and solid lines correspond to the forces associated with the neutron-skin
thickness in 208Pb to be around 0.16, 0.22 and 0.28 fm, respectively. At low den-
sities, ρ ∼ 0.03 fm−3, the behavior of the EOS is more or less independent of the
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Fig. 3. Plots for the EOSs for the β-equilibrated
matter in terms of pressure verses density for the three different families of the
ERMF model: F1 (red), F2 (blue) and F3 (green). The solid symbols mark the
values of transition density ρt and the corresponding pressure Pt calculated within
the RPA method. For the clarity, the results for only three forces for each of the
families are plotted: BSR1, BSR8, BSR15 (dotted), BSR4, BSR11, BSR18 (dashed)
and BSR7, BSR14, BSR21 (solid) lines (see text for details).
choice of the model and neutron-skin thickness in 208Pb. With further increase in
the density, the EOS show stronger dependence on the choice of the neutron-skin
thickness. For instance, BSR1, BSR8 and BSR15 (dotted lines) correspond to the
different families but have almost the similar values of asym, L and neutron-skin
thickness. We see that the EOSs associated with similar neutron-skin thickness de-
pend weakly on the choice of the families of the models. One may thus expect the
values of ρt and Pt depend not only on the asym and L, but, also on the choice of the
models. In other words, the core-crust transition properties may show some model
dependence in addition to their dependence on the symmetry energy parameters
asym and L.
The values of ρt obtained using ERMF models are shown in Fig. 4 as a function
of asym (lower panel) and slope parameter L (upper panel). The values of ρt are
correlated with the asym and L. The ρt−L correlations is stronger than the ρt−asym
correlations. The ρt−asym correlation is stronger within the same family. But, ρt−L
correlations are almost model independent. This is in conformity with the earlier
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Fig. 4. Plots for the ρt for NS matter as a function of symmetry energy asym (lower panel) and
its slope parameter L (upper panel) for 3 different families of the ERMF models.
works.9, 12 In Fig. 5, we plot Pt for NS matter as a function of asym (lower) and L
(upper) panels for the ERMF models. Our results indicate Pt is not well correlated
with asym and L. Consequently, Pt is not correlated with ρt. For the completeness,
we list the values of correlation coefficient for ρt and Pt with asym, L and Ksym in
Table 1. The asym, L and Ksym refer to their values at the saturation density. It
is little too surprising that the Pt − L correlations are weak even within the same
family of the ERMF model, though, the various forces within the same family differ
only in the density dependence of the asym(ρ). On the other hand, the calculations
in Refs.9, 10 based on a single model yield strong Pt − L correlations.
We now explore the possibility of existence of strong correlations of Pt with
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Fig. 5. Plots for the Pt, for NS matter, as a function of asym (lower panel) and L (upper panel)
for 3 different families of the ERMF models.
L(ρ), Ksym(ρ) and the linear combination L(ρ)−αKsym(ρ) at sub-saturation den-
sities (ρ < ρ0). For the quantitative assesment, the Pearson’s correlation coefficients
between Pt and the various symmetry energy parameters are calculated as a func-
tion of density. Pearson’s correlation coefficient C(a, b) for a pair of variables a and
b calculated for n number of different models is given as,
C(a, b) =
σab√
σaaσbb
(16)
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Fig. 6. The correlation coefficients for the pressure Pt with L(ρ) (lower panel), Ksym(ρ) (middle
panel) and the linear combination L(ρ)−αKsym(ρ) (upper panel) as a function of the density for
3 different families of the ERMF models.
where,
σab =
1
n
∑
i
aibi −
(
1
n
∑
i
ai
)(
1
n
∑
i
bi
)
. (17)
The values of C(a, b) lie in the range of −1 to 1. If |C(a, b)| = 1 then, the variables
a and b are fully linearly correlated, where as C(a, b) = 0 means, variables a and b
are uncorrelated or statistically independent.
It has been suggested in Ref.12 that Pt is reasonably correlated with the linear
combination of L(ρ) and Ksym(ρ), with ρ = 0.1fm
−3. In Fig. 6 the correlations of
Pt with L(ρ) (lower), Ksym(ρ) (middle) and L(ρ) − αKsym(ρ) (upper panels) are
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Table 1. The values of correlation coefficients C(A,B)
with A and B being the core-crust transition density
ρt, corresponding pressure Pt and various symmetry
energy parameters at the saturation density.
F1 F2 F3 FA
C(ρt, L) -0.970 -0.975 -0.994 -0.975
C(ρt, asym) -0.963 0.966 -0.985 -0.954
C(ρt, Ksym) 0.645 0.879 0.813 0.643
C(Pt, L) -0.363 0.157 0.049 -0.065
C(Pt, asym) -0.317 0.208 0.090 0.017
C(Pt, Ksym) -0.355 -0.545 -0.624 -0.130
C(Pt, ρt) 0.416 -0.108 -0.071 0.128
plotted as a function of density. The value of α is adjusted at a given density to
maximize the correlation coefficient. The Pt − L correlations are strong at quite
low densities for the F2 family of the ERMF models. These correlations become
weak, once the results from all the different families of the models are combined.
The Pt seems reasonably correlated with Ksym(ρ) as well as L(ρ) − αKsym(ρ) at
some sub-saturation densities. The correlation coefficient C(Pt,−Ksym) peaks at
ρ = 0.1 fm−3, whereas, C(Pt, L− αKsym) peaks at ρ = 0.09 fm−3 for α = 1.31. It
is to be noted that the peaks in plots for the C(Pt, L− αKsym) verses ρ are much
wider than those for the C(Pt,−Ksym) verses ρ. The strong correlations of Pt with
Ksym at ρ = 0.1 fm
−3 may be due the use of systematically varied models. In Fig.
7, we plot the values of Pt verses Ksym (lower panel) and Pt verses L − 1.31Ksym
(upper panel), the values of L and Ksym are evaluated at the densities for which
the C(Pt,−Ksym) and C(Pt, L−αKsym) correspond to their maximum values. Our
results for the correlations of Pt with the linear combination of L and Ksym agree
only qualitatively with the ones obtained in Ref.12 Our values for the correlation
coefficient C(Pt, L(ρ)−αKsym(ρ)) is maximum at ρ = 0.09fm−3, while, its value at
ρ = 0.1fm−3 is significantly smaller than those of Ref.12 We also observe that the
variance or the spread in the values of asym(ρ) for the ERMF models considered in
the present work is minimum at ρ ∼ 0.08fm−3 (see Fig. 2). Whereas, the variance of
asym(ρ) for the set of SHF and RMF forces employed in Ref.
12 is minimum around
ρ = 0.11fm−3. Thus, it seems that the Pt is not correlated with the symmetry
energy parameters in a model independent manner.
So far we have studied the correlations of ρt and Pt with asym, L andKsym using
different families of parameterizations of the ERMF model. Each of the parame-
terizations were obtained by fitting exactly same set of the experimental data for
the bulk properties of finite nuclei except for the neutron-skin thickness. We shall
now study the variations of ρt and Pt with asym and asym,1 within a single model
as it was done for DD-PC1 model.9 For Our investigation, we have considered the
BSR1, NL3 and FSU type of functionals for the RMF model. The desired values
of asym and asym,1 are obtained by adjusting the coupling parameters gρ and η2ρ
appearing in Eqs. (4) and (6). In Fig. 8, we display the variations of ρt and Pt with
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Fig. 7. Plots for the pressure, Pt, at the transition density as a function of Ksym,1 (lower panel)
and L09 − 1.31Ksym,09 (upper panel) for 3 different families of the ERMF models.
asym,1 for a fixed asym = 32.6 MeV for the BSR1, NL3 and FSU parameterizations.
Similarly, in Fig. 9, the variations of ρt and Pt with asym for a fixed asym,1 = 28.7
MeV are displayed. In Table 5, we list the values of the correlation coefficient for
ρt and Pt with asym, and asym,1. It is evident from the Figs. 8 and 9 and Table 5
that the ρt is correlated with asym as well as with asym,1 , irrespective of the model
used. Whereas Pt is strongly correlated only with asym,1 in a model independent
manner. The Pt − asym correlations are model dependent. For instance, the value
of |C(Pt, asym)| ∼ 0.95 for the BSR1 type of model which reduces to ∼ 0.6 for the
NL3 and FSU type of models. We can thus say once again that the pressure at the
transition density is correlated with the symmetry energy parameter only at some
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Fig. 8. Plots for the ρt (lower panel) and Pt (middle panel) as a function of asym,1 and Pt verses
ρt (upper panel) that obtained using BSR1, FSU and NL3 type functional for the RMF model.
The value of asym,1 is varied at fixed asym = 32.6 MeV.
sub-saturation density. We have also repeated our calculations for the variations of
ρt and Pt with asym(asym,1) by fixing asym,1(asym) to different values. The results
are qualitatively the same; Pt − asym correlations are model dependent.
6. Conclusions
The variations of core-crust transition properties in the neutron star with symmetry
energy parameters are investigated using three different families of the systemati-
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Table 2. Values for the various correlation coefficients obtained by
varying asym or asym,1 within a single model. Three different mod-
els, BSR1, FSU and NL3, are considered. The values of asym is var-
ied by fixing asym,1 = 28.7 MeV , while, asym,1 is varied by fixing
asym = 32.6 MeV. The values of correlation coefficients obtained by
combining the results from all the three models are presented in the
last column.
BSR1 FSU NL3 All
asym= 32.6 MeV
C(ρt, asym,1) 0.996 0.997 0.988 0.942
C(Pt, asym,1) 0.956 0.947 0.952 0.879
C(Pt, ρt) 0.979 0.960 0.914 0.906
asym,1= 28.7 MeV
C(ρt, asym) -0.995 -0.995 -0.983 -0.917
C(Pt, asym) -0.946 -0.659 -0.570 -0.612
C(Pt, ρt) 0.973 0.704 0.543 0.703
cally varied ERMF model. These families of the ERMF model mainly differ in the
choice of the strength for the ω-meson self-coupling. Several parameterizations for
each of the families are so considered that they yield wide variations in the density
dependence of the symmetry energy.
Our results indicate that the transition density ρt is strongly correlated with the
symmetry energy slope parameter L at the saturation density which is in harmony
with the earlier studies.9, 12 The ρt is also correlated with the symmetry energy at
the saturation density, but, the correlations are marginally model dependent. The
pressure Pt at the transition density, however, does not show any meaningful cor-
relations with the values of various symmetry energy parameters at the saturation
density. The possibility of existence of strong correlations between the pressure at
the transition point and the symmetry energy parameters evaluated at the sub-
saturation density are explored. It is found that Pt is better correlated with the
curvature parameter Ksym alone or with the linear combination of L and Ksym,
both the quantities calculated at some sub-saturation density. We observe that the
density ρ = 0.09 fm−3 at which the correlation coefficient C(Pt, L(ρ)− αKsym(ρ))
peaks is quite close to the one at which the variance of asym(ρ) is minimum. The
strong correlations between Pt and linear combination of L(ρ) and Ksym(ρ) at
ρ = 0.1 fm−3 for a set of SHF and RMF models12 for which the variance of asym(ρ)
is minimum at ρ = 0.11fm−3 also supports our observation. Though, the pressure
at the transition point is correlated with linear combination of the symmetry en-
ergy slope and the curvature parameters evaluated at a sub-saturation density, such
correlations show some degree of model dependence.
We also study the dependence of core-crust transition properties on various sym-
metry energy parameters using a single model. In this case, the symmetry energy
parameters are varied by modifying the values of the model parameters around
their optimal values. Two different kinds of variations in the symmetry energy pa-
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Fig. 9. Same as that of 8, but, asym is varied at fixed asym,1 = 28.7 MeV.
rameter asym are considered. The values of asym are varied at the saturation density
by keeping its value fixed at the density ρ = 0.1 fm−3. Another type of variations in
asym is obtained by changing its value at the density ρ = 0.1 fm
−3, but, keeping it
fixed at the saturation density. The calculations are performed for the BSR1, NL3
and FSU type of the RMF model. The transition density is found to be strongly
correlated with the values of asym calculated at the saturation density as well as
those at ρ = 0.1 fm−3, irrespective of the model used. The pressure at the transition
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density is correlated in the model independent manner only with the asym at the
ρ = 0.1fm−3. The correlations of pressure at the transition density with the asym at
the saturation density are highly model dependent. It thus appears once again that
the pressure at the transition density is at best correlated with symmetry energy
parameters at some sub-saturation density.
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